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Until 10 years ago, conventional wisdom held that Parkinson’s disease was not a genetic disorder. Since that time, there have
been a plethora of genetic findings, culminating in the cloning of several genes that derive from the loci given the nomenclature
PARK1-PARK12 (OMIM 168600). Recently, these research findings have begun to impact clinical practice, and this impact is
likely to increase. The primary purpose of this article is to outline these genetic advances, discuss their importance for current
practice in clinical and related settings, and outline briefly how they are influencing research into the causes of and possible
future treatments for this prevalent disorder.
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In practice, the diagnosis of “Parkinson’s disease” (PD)
is usually given by the clinician from the cardinal fea-
tures of bradykinesia with at least one or more of the
following: resting tremor, gait difficulties, postural in-
stability, and/or rigidity. Responsiveness to dopamine
replacement treatments is taken as supportive evidence
for the diagnosis. These criteria are all indicative of
dysfunction in the substantia nigra and have been for-
malized into the London Brain Bank criteria for the
diagnosis of PD.1 It is important here to distinguish
the clinical, and syndromic, term parkinsonism from
the clinicopathological entity referred to as Parkinson’s
disease. In the London Brain Bank criteria, the presence
of Lewy bodies (which are composed largely of the
protein �-synuclein) in the substantia nigra is required
for a pathological diagnosis of PD. More than 90% of
the people who meet the full clinical criteria will have
Lewy bodies in the substantia nigra should they come
to autopsy.2 Other causes of parkinsonism that do not
have Lewy bodies (eg, progressive supranuclear palsy or
multiple system atrophy) can be separated pathologi-
cally and, often, clinically. An implication of such cri-
teria is that PD is etiologically distinct from other
causes of parkinsonism, although we know so little
about its cause that this is uncertain.

Of note is that when originally conceived, the Lon-
don Brain Bank criteria specified that a strong family
history of disease was an exclusionary criterion; this cri-
terion has been often ignored in more recent literature,
especially in the discussion of genetic forms of PD/par-

kinsonism. If applied strictly, this criterion would
mean that none of the inherited “PARK” genes are
PD, but as we discuss later, there are good reasons to
think that there is a shared pathophysiology for at least
some PARK genes. However, other recent discoveries
suggest that the criterion of excluding cases with
known genetic causes has merit to some degree because
there are a number of autosomal dominant diseases
that can manifest as clinical parkinsonism and can re-
spond to L-dopa. These include spinocerebellar ataxia
type 3 (SCA3) in those of African descent, SCA2 in
those of Asian descent, and some tau (microtubule-
associated protein tau [MAPT]) mutations associated
with frontotemporal dementia and parkinsonism,
FTDP17.3

Although there is general agreement that syndromes
such as the SCAs and FTDP17 are not PD, the situa-
tion for all the other genetic lesions is more controver-
sial. Five genes for Mendelian PARK loci have been
cloned: �-synuclein (PARK1/4),4 parkin (PARK2),5

DJ-1 (PARK7),6 PINK1 (PARK6),7 and LRRK2
(PARK8)8,9; and in each one, there is discussion about
whether they are genes for “true” PD (Table). Al-
though this may appear an arcane discussion, especially
because all respond to dopaminergic therapy, the de-
bate has profound implications for the development of
future therapies that expand past the symptomatic ap-
proach. The substantive argument is that a definitional
approach to disease is difficult and a etiological classi-
fication would be strongly preferred. However, etiolog-
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ical arguments are hard to construct in the absence of
either a clearly defined pathological similarity or an
known biochemical pathway. As an example of where a
etiological argument can be developed from a common
pathology, the three genes implicated in autosomal
dominant Alzheimer’s disease (AD) all affect amyloid
precursor protein (APP) metabolism, suggesting that
they share a common mechanism.10 We can also argue
that tau is part of the same pathway as deposition of
this protein is an important part of the pathology of
inherited and sporadic AD.11 As an example of a com-
mon biochemical pathway that defines a disease pro-
cess, 10 of 11 genes for Fanconi’s anemia form a DNA
repair complex regulated by ubiquitylation.12 Part of
the complex is BRCA1, a genetic risk factor for spo-
radic breast cancer, a quite different disease entity
whether defined by symptoms or pathology.

The evidence is not yet sufficiently strong to map
the “PARK” loci to a single pathway, although there
are emerging hints that one or two common processes
may be critical. This uncertainty is enhanced by the
variable or unknown pathology associated with each
syndrome. Some have Lewy bodies and might be re-
garded as true PD, whereas others do not. We will use
the term parkinsonism for those where Lewy bodies are
rarely found. By extension, it remains open to discus-
sion whether all or any of the PARK genes are relevant
in a causative or mechanistic sense to sporadic PD.
Our hope is that these genetic variants will be useful in
predicting pathways for neurodegeneration shared with
sporadic PD and to future therapeutics, but that at this
stage, such concepts require continued and critical eval-
uation. Although other recent reviews have listed each
of the genes for PD, we will briefly delineate them
here, then discuss what these results mean for clinicians
and other professionals such as genetic counselors, for
future epidemiological studies, and for development of
new therapeutic approaches.

The “Park” Genes
�-Synuclein
�-Synuclein was first identified as a protein involved in
synaptic plasticity in bird-song learning.13 The human
homologue was identified as a component of Alzhei-
mer’s plaques.14 In 1996, Polymeropoulos and col-
leagues15 reported genetic linkage to chromosome 4
markers in a large kindred of Greek/Italian descent
with a variable onset age of PD but a mean of around
55 years. In 1997, a point mutation (A53T) in
�-synuclein was reported in this kindred.4 Many other
kindreds with the same descent have subsequently been
identified and the presentation is typically one of PD,
but presentations with dementia also occur (see later).
Two other missense mutations, A30P16 and E46K,17

have subsequently been reported with broadly similar
phenotypes, although the dementia has been empha-
sized for E46K.

Despite several years of work, the normal function of
�-synuclein is not quite clear. Synuclein is capable of
binding lipid membranes in a dynamic fashion,18 and
the structure adopted at the lipid interface is
known.19,20 Recent results suggest that the protein may
stabilize curvature defects in lipid bilayers.21 Together,
these studies suggest that synuclein dynamically mod-
ulates neurotransmitter vesicle function. This conclu-
sion is supported by knock-out studies.22 Therefore,
the protein appears to have a critical function in the
central nervous system, although the protein is ex-
pressed elsewhere.

After the identification of �-synuclein mutations,
immunohistochemistry showed that �-synuclein was
the major component of Lewy bodies and that
�-synuclein pathology was much more prevalent than
had been realized with many swollen neurites also
showing in PD cases and in many cases with Lewy
body dementia.23 With the benefit of hindsight, it ap-

Table. Mendelian Genes for Parkinson’s Disease/Parkinsonism

Gene, Protein
(locus) Function Inheritance Pathological Features Reference

SNCA, �-synuclein
(PARK1/4)

Unclear: vesicle trafficking? Dominant Always Lewy bodies: some
cases have dementia as
presenting feature

4, 22

LRRK2, dardarin
(PARK8)

Cytosolic kinase Dominant Variable: usually with
Lewy bodies, some tau
lesions and some
neuron-loss only cases

8, 9

PRKN, parkin
(PARK2)

E3 ligase Recessive; rare
“pseudo-dominant”
cases reported

Variable: usually benign
and without Lewy body
pathology

5

PINK1 (PARK6) Mitochondrial kinase Recessive Unknown 7
DJ-1 (PARK7) Oxidative stress signaling

molecule
Recessive Unknown 6
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pears likely that the presence of synuclein in plaques
was because the preparations were contaminated with
�-synuclein from Lewy bodies or Lewy neurites,23

which are both prevalent in the AD brain. �-Synuclein
histochemistry also showed that oligodendroglial inclu-
sions in multiple system atrophy were largely composed
of this protein, defining a new grouping of diseases by
the molecular components of their pathologies.24 Ge-
netic analysis has shown that variability in the
�-synuclein locus may also contribute to the risk for
the sporadic disease. Generally, promoter alleles that
are associated with increased risk for PD25 are those
that lead to increased expression using experimental
models.26 However, these effects are quite modest and
not all studies of the promoter have been positive, al-
though often other regions of the synuclein gene show
association with PD.27 In concordance with the sug-
gestion that expression levels of wild-type synuclein are
associated with disease, families have been found with
triplication,28 and then duplications29 of the entire
synuclein locus. Patients with these increased levels
have onset ages in their 30s and 40s to 50s, respec-
tively, in accord with measurements of their blood lev-
els of the protein.30 Therefore, increased expression of
synuclein reduces the age of onset of the disease quite
dramatically and one might imagine that subtler de-
rangements in expression are associated with a later on-
set, getting into the range of sporadic PD. These data
place �-synuclein firmly center stage as a candidate for
a causal pathogenic molecule linking inherited and
sporadic PD. The genetic data are also analogous with
other neurodegenerative protein deposition diseases
where normal genetic variability at the autosomal dom-
inant loci contribute to the risk for the sporadic dis-
ease.31 Although controversial, it has been suggested
that aggregation of the protein, which would be readily
driven by increased expression, is important for patho-
genesis (reviewed in Cookson32).

It should also be noted that the disease in families
with either point mutations in or multiplications of the
synuclein gene tend to be more aggressive and with
more widespread symptomatology than “typical” PD.
Dementing illness associated with cortical Lewy bodies
is common in the A53T, E46K, and the triplication
families. Glial cell pathology, similar to that seen in
multiple system atrophy, is also found in the latter kin-
dred. This is one argument in support of the concept
that synuclein defines a group of diseases that are eti-
ologically related, that is, PD, diffuse Lewy body dis-
ease, and perhaps multiple system atrophy.

LRRK2/dardarin
In 2002, Funayama and colleagues33 reported genetic
linkage to chromosomal 12 markers in a large kindred
with autosomal dominant parkinsonism without Lewy
bodies. In 2004, mutations in LRRK2 as a cause of PD

were reported in several kindreds.8,9 These included
cases with Lewy body pathology, tangle pathology, or
like the original linkage report, with cell loss in the
absence of obvious protein deposition.34 Ubiquitylated
inclusions bodies that are negative for synuclein and
tau are also seen in some cases.9 One particular
LRRK2 mutation, G2019S, is prevalent and has been
found at frequencies of more than 2% in general
North American clinical populations and English PD
Brain Bank specimens.35,36 It has been reported at re-
markably high frequencies (�10%) in clinic-based Por-
tuguese, Ashkenazi Jewish, and North African Arabian
patients, even in the absence of a clear family history of
disease.37–39 To put these prevalence figures in context,
the lower end of these estimates (1.5%) would mean
that there are about 15,000 PD cases with a single de-
fined genetic cause in the United States alone, a com-
parable frequency with other neurodegenerative dis-
eases such as amyotrophic lateral sclerosis, with a
prevalence of 5 per 100,000 or 10,000 cases in the
same country. This LRRK2 prevalence is a low esti-
mate because it excludes many atypical cases and those
with strong family histories and is clearly greater in
specific populations. To us, to have such a prevalent
mutation in a “nongenetic” disease is striking.

The clinical presentation of this disease is of variable
onset from about 40 to 80 years of age at first recog-
nizable symptoms. The presence of heterozygous carri-
ers without a clinical syndrome at the age of 89 years40

does not argue against pathogenicity of the mutation,
but rather can be used to explain its presence in appar-
ently “sporadic” PD. Formal estimates are that pen-
etrance increases from 17% at about 50 years old to
85% at 70 years old. The frequency of these muta-
tions, especially G2019S, is such that it may be worth
clinical screening for the mutations, although the in-
complete penetrance does raise some complications (see
later for a discussion of this point). Variation at the
LRRK2 locus does not contribute to the risk for spo-
radic PD,41 which is in contrast with the previously
discussed results for synuclein.

That mutations in LRRK2 lead to Lewy body pa-
thology or (rarely) to tangle pathology suggests that the
encoded protein is likely to be upstream of both
�-synuclein in some pathogenic pathway and perhaps
also to tau.42 There is a precedent for this in that APP
and presenilin mutations can both also lead to Lewy
body or tangle pathology in AD.43 However, that
many cases lack Lewy body pathology suggests that the
deposition of synuclein cannot be a required compo-
nent of the toxic effects of LRRK2. The role of tau is
particularly complicated because the density of lesions
is quite low; thus, whether this is simply incident pa-
thology is unclear. Furthermore, there is no evidence
yet for a direct interaction between these proteins. In
our laboratory, we have failed to find evidence that
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synuclein or tau are direct targets for dardarin (D.W.
Miller and M.R. Cookson, unpublished observations),
and similar negative findings were mentioned in an-
other recent study.44 It is also of interest that some
cases have tau- and synuclein-negative lesions; it will be
of great interest to know whether these happen to be
dardarin-positive, because that could imply that this
protein can be deposited as well.

Dardarin, the protein product of the LRRK2 gene, is
a complicated molecule with GTPase and kinase enzy-
matic domains plus at least two protein–protein inter-
action domains. The common G2019S mutation and
the adjacent I2020T mutation from the original family
are located at the N-terminal portion of the activation
loop in the kinase domain. This site is the anchor for
the Mg2� ion required for kinase function, and move-
ment of the activation loop controls activity. Both of
these mutations cause a small increase in kinase activ-
ity, currently assayed in vitro using autophosphoryla-
tion of dardarin itself.44,45 However, mutations outside
of the kinase domain46 or equivalent changes in the
paralogous kinase LRRK147 do not increase activity us-
ing similar assays. The difficulty is that the assays used
to date are crude and do not measure activity against

an authentic substrate. Therefore, we cannot yet con-
clude that these are “simple” gain-of- function muta-
tions. We have found that the kinase activity is re-
quired for the toxic effects of mutant dardarin in
culture models,46 although this needs to be tested in
vivo, which has implications for thinking about darda-
rin in the context of potential therapeutics (see later).

Parkin, DJ-1, and PINK1
Parkin was identified in Japanese patients with autoso-
mal recessive juvenile PD. It was discovered in this
population because many patients had deletions of
large sections of chromosome 6, where the gene re-
sides.5 These mutations were clear loss-of-function mu-
tations and lead generally to an early-onset disease
(with typical onset ages in the late teens and early 20s),
a benign and slow course. Autopsies of such cases in-
dicate nigral cell loss with an intact striatum but with-
out Lewy bodies, although exceptions have been re-
ported.48,49 In European populations, deletions occur,
but missense mutations are more common, which are
also either complete or partial loss-of-function changes.50

In addition, there are now numerous reports of pa-
tients with only a single mutation and an apparently

Fig. Relations between the PARK genes. There are five clearly defined genetic causes of Parkinson’s disease (PD) and/or parkinson-
ism. The diagram is color-coded with dominant genes in red, recessive genes in green, protein functions in blue, and the pathologi-
cal outputs of cell loss and Lewy body formation as a black box and a circle, respectively. All mutations in dardarin/LRRK2 cause
neuronal loss, and it appears likely that this involves the kinase activity of this protein, although it has other important functional
domains as well (hence �?). Some cases have cell loss without any protein inclusion pathology, but many also have �-synuclein–
positive inclusions. Mutations in �-synuclein also cause overlapping patterns of cell loss and are always associated with the deposition
of this protein into Lewy bodies; it is thought that the process of protein aggregation is critically involved in both of these events.
The outputs of cell loss and inclusion body formation can occur in multiple brain regions: When the nigra is predominantly af-
fected, the presentation is of parkinsonism, whereas when Lewy pathology and associated cell loss spread to the cortex, the predomi-
nant feature is dementia. This is not an either/or event, because many cases of sporadic as well as inherited PD present with move-
ment problems early in the disease course and dement later. On the left are the three recessive loci that are to date associated with
parkinsonism with limited evidence for protein inclusion body formation. For reasons discussed in the text, the relations among these
three proteins are unclear, and to be conservative, we have presented them as parallel processes. However, it is possible that there
are important relations among parkin, DJ-1, and PINK1 that are not captured in this diagram. It is also possible that these three
genes impinge on cell death processes earlier than this viewpoint implies.
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dominant mode of inheritance.49 The occurrence of
PD cases with single mutations are difficult to inter-
pret. Their frequency and the occurrence of kindreds
in which they cosegregate with disease suggest that
some mutations at least are risk factor alleles. In such
cases, it is not clear whether genetic variability in the
other allele contributes to the risk for disease or
whether other genetic or environmental factors also
play a part.51 These considerations and the frequency
of parkin mutations complicates clinical genetic testing
(see later).

The known function of parkin is as an E3 ligase that
can control protein turnover via polyubiquitin chain
addition52 or other processes via monoubiquitylation.53

Although several substrates of parkin have been pub-
lished and claimed to be relevant to PD, it is unclear
whether there is a single pathological substrate whose
build up is responsible for the neuronal death.54

DJ-1 mutations were first described in consanguine-
ous families.6 DJ-1 mutations are rare, but individuals
with these mutations resemble those with the other re-
cessive syndromes caused by parkin and PINK1 muta-
tions, with early-onset disease. The first mutation iden-
tified was a deletion variant and the second was a
variant, L166P, which destabilizes the dimeric pro-
tein.55 DJ-1 can be oxidized at specific cysteine resi-
dues, and blocking this prevents its ability to protect
cells against mitochondrial damage.56 Supporting this
observation, DJ-1–deficient Drosophila (which have
two paralogous genes) are sensitive to oxidative tox-
ins,57–60 and DJ-1 knock-out mice are more suscepti-
ble to the oxidative neurotoxin 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyrindine (MPTP) in vivo.61

The third gene for recessive parkinsonism, PINK1, is
a mitochondrial serine/threonine kinase, and loss-of-
function mutations causing early-onset disease were
first found in consanguineous families.7 As for DJ-1,
no pathological reports have been published from fam-
ilies with these mutations. PINK1 mutations are con-
siderably more rare than parkin mutations, but clini-
cally, these kindreds most resemble such families. In
Filipinos, one mutation, L347P, has an appreciable al-
lele frequency and is a quite common cause of early-
onset disease.62 This variant destabilizes the protein
and is thus a clear loss-of-function variant.63 As with
parkin, a few cases and families have been reported
with heterozygous mutations, suggesting that partial
loss of function is a risk factor for disease.64 Early re-
ports suggest that PINK1 is a neuroprotective mole-
cule,65,66 like parkin and DJ-1. The kinase substrates
for PINK1 have not yet been identified.

Recent results have suggested that PINK1 and par-
kin are linked mechanistically. Knock-out of the Dro-
sophila PINK1 orthologue produces a dramatic pheno-
type including partial male sterility and flight muscle
atrophy. Both of these are mitochondrial phenotypes

and overlap with Drosophila parkin knock-outs, which
have altered mitochondrial function, male sterility, and
flight muscle atrophy.67,68 The mouse models also in-
dicate subtle derangements in mitochondrial function
and oxidative damage,69,70 consistent with a previous
report that parkin suppresses mitochondrial dysfunc-
tion arising from ceramide signaling.71 Therefore, par-
kin appears to play some role in maintaining mito-
chondrial function, although the gap between these
observations and what we know about parkin sub-
strates remains substantial.

In fact, one can rescue dPINK1 knock-out pheno-
types by expressing the Drosophila parkin gene, but
not the other way around, placing parkin quite firmly
downstream of PINK1. Although unproven, one can
argue that DJ-1 might play a more upstream role in
this functionally defined pathway, if this gene is also
associated with maintenance of net mitochondrial
function. Interestingly, DJ-1 is also associated with fer-
tility defects in mammals. Another link is that PINK1
expression responds to the sustained activation of Phos-
phatase and tensin homologue 1 (PTEN), a pathway
that DJ-1 is known to suppress. There is a dopaminer-
gic phenotype in parkin knock-out flies that involves
oxidative stress pathways and/or control of cell survival
through the Janus kinase (JNK) signaling path-
way,72–74 which is downstream of PTEN/phosphati-
dylinositol 3-kinase (PI3K) signaling.

These results, although exciting, rely on experiments
performed in Drosophila, where functional relations to
mammalian genes are uncertain. This is perhaps illus-
trated by the lack of clear pathology in mouse models.
Both parkin and DJ-1 knock-out mice develop nor-
mally and do not have obvious degeneration of nigro-
striatal dopaminergic neurons, at ages up to 20 months
old. However, in both cases, there is evidence of func-
tional deficits. DJ-1 mice display hypoactive ambula-
tory behavior in the open field and some mild basal
deficits in midbrain dopaminergic transmission.75 It is
possible that these functional deficits are the precursor
of full-blown cell loss that, whether due to differences
in physiology or life span, are not seen in mice but
would be present in humans. Speculatively, the prom-
inent dystonia in human parkin cases may be a physi-
ological deficit in the absence of cell loss.

Hindering our ability to predict whether the three
recessive PARK genes are related is that the pathology
of DJ-1 or PINK1 carriers is unknown. For example,
the absence of Lewy bodies in parkin cases may be a
critical piece of evidence arguing for or against a rela-
tion between these genes and �-synuclein, although the
limited numbers of autopsied cases, their variable pa-
thology, and the observations that LRRK2 mutations
are also variable prevents us from making this state-
ment definitively. Such distinctions may be important
in evaluating interpretations of molecular actions of the
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recessive genes. For example, one proposed mechanism
of action of DJ-1 is as a protein chaperone directed
toward �-synuclein.76,77 If this were correct, one
would expect the brain of a DJ-1 patient to have ex-
tensive accumulations of misfolded proteins, perhaps
leading to a Lewy body disease. This is a different pre-
diction from the concept discussed earlier, that DJ-1
plays a role in controlling mitochondrial function.
Thus, the two hypotheses could be tested by examina-
tion of brain tissue from affected patients, but material
is not available to address this problem, illustrating
how difficult it is to classify neurodegenerative diseases
in the absence of pathological definitions.

All of the three recessive genes for parkinsonism have
cell loss (parkin) or functional deficits that can be iden-
tified using functional imaging that are consistent with
nigral dopaminergic cell loss. However, as discussed
earlier, this does not mean that the mechanism of cell
loss is identical to sporadic PD, but simply that the
same cells are lost. In fact, the patterns of functional
loss in parkin disease differ from sporadic PD,78 im-
plying that the overlap is, in any case, imprecise. Thus,
the key experiment is to delineate the reason(s) why
nigral neurons die in parkin, PINK1, and DJ-1 cases,
which might then be testable in sporadic PD.

Implications for Basic Research
Identification of the pathogenic loci for parkinsonism
immediately enables cell biology and transgenic exper-
iments to be performed, to determine the functions of
the cognate proteins, and to model the disease pro-
cesses. Because it is not clear whether the genetic le-
sions map out a single or multiple pathways to nigral
cell loss, determining the biochemical relations between
the proteins, if any, is clearly an important priority. As
discussed earlier, important mechanistic clarifications
are needed, but there is increasing evidence of relations
between the three recessive genes: DJ-1, PINK1, and
parkin. However, evidence linking these to the domi-
nant genes, �-synuclein or LRRK2, is incomplete. One
of the key questions for the next few years is to under-
stand why some cases with LRRK2 mutations have
Lewy bodies and some do not. Although both
�-synuclein and LRRK2 mutations appear to be toxic
to neurons in simple laboratory models, whether this
implies a causal relation is unclear.

A potential way forward that does not rely too much
on unproved assumptions that there are links between
gene products is to use so-called unbiased approaches,
which have most readily applied in simpler organisms.
Good examples of this approach have been (1) the dis-
covery that vesicle trafficking and lipid metabolism
genes modulate synuclein (but not huntingtin) toxicity
in yeast,79 or (2) the observation that glutathione-S-
transferases suppress lack of parkin phenotypes in
flies.64 A significant problem in testing these in verte-

brate systems is that most mice models lack the obvi-
ous phenotype of nigral cell loss that links the PD/
parkinsonism genes in humans. Perhaps it is worth
considering other phenotypes such as neuronal dys-
function or protein aggregation (eg, for synuclein and
dardarin) in the absence of cell loss?

Earlier in this review, we discussed the analogy to
AD where three dominant genes are known and there
is a clear biochemical pathway. It is worth noting how
the AD field got to the stage of a single pathway, be-
cause it is instructive for how we approach PD. The
observation that presenilins increase amyloid produc-
tion was made several years before it was proved that
presenilin is the enzymatic core of the �-secretase com-
plex that generates �-amyloid fragments from APP.
This was, in part, because presenilin is an unusual pro-
tease, mediating an intramembranous cleavage of the
APP molecule. There were only a few prior examples
of mammalian proteases that have this capacity, which
shows how a lack of an analogy can be distracting. It is
possible that dardarin and synuclein have a similar en-
zyme–substrate relation, although it appears more
likely that there are intervening steps in the pathway.
The I2020T cases from Japan suggest that �-synuclein
metabolism is not a required part of the pathogenic
process for all dardarin mutations, again moving the
analogy away from AD. This AD model is also less
useful for understanding recessive parkinsonism, be-
cause there are no identified recessive AD genes. How-
ever, emerging evidence from some model systems sug-
gests that there are links here and it is possible that all
three genes modulate common cellular responses. As
the recessive phenotype is more benign than the dom-
inant forms, we might suggest that this affects more
restricted groups of neurons. At some level, the domi-
nant mutations tell us something about protein aggre-
gation, the formation of inclusion bodies, and cell loss,
whereas the recessive genes at least tell us about cell
loss mechanisms, but may or may not be informative
about protein aggregation. The priority for basic re-
search in the next few years is to flesh out the details of
the function of each gene product whereas maintaining
clarity about their relations. Our current thinking
about the relationships between the PARK gene prod-
ucts is summarized in Figure 1.

Implications for Studying the Lifetime Risk for
Parkinson’s Disease
Although conventionally PD was thought of as a dis-
order with an environmental cause, in fact, the data for
environmental risk factors are mixed. This probably re-
flects the inevitable complexity of research into envi-
ronmental factors for disease. For example, not smok-
ing cigarettes has consistently been shown to be
associated with PD,80 but it is unclear whether this re-
flects aspects of the premorbid personality of PD pa-
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tients or reflects a true protective effect. Some have ar-
gued that the data imply the premorbid PD personality
protects against smoking, rather than the other way
around.81 Likewise, the reported effects of coffee drink-
ing have a questionable relation to neuroprotection
(discussed in Benedetti and colleagues82), and at least
some reviews have concluded that there is insufficient
evidence for a convincing association of pesticide use
with PD,83 although accurately estimating exposure to
multiple chemicals is notoriously difficult. Identifica-
tion of multiple genetic causes of PD/parkinsonism, es-
pecially high-prevalence mutations such as LRRK2-
G2019S, now starts to impinge on these
epidemiological studies because people with such mu-
tations may share both a common genetic risk back-
ground and a shared environment. Because the genetic
contribution can be quantified, it is worth considering
screening for all known mutations to dissect genetic
contributions out of epidemiological studies, thereby
improving our chance of understanding the environ-
mental risks.

With the (unproven) assumption that individuals
with mutations have a similar pathogenesis of disease as
the “sporadic” cases, the mutation carriers offer the po-
tential to perform analyses designed to identify and dis-
tinguish those factors that may precipitate disease from
those that form part of the prodrome. These families
thus offer a valuable opportunity to delineate the pre-
clinical stages of disease and to get better at diagnosing
the disease earlier, a process that will become ever more
important as mechanistic therapies are designed that
aim to slow or stop disease progression.

Implications for Clinical Practice
The major current implication of these findings is with
respect to genetic testing84: Is diagnostic testing appro-
priate, particularly in the setting of presymptomatic
testing? Currently, this is a complex issue without a
simple answer. A high proportion (estimated at up to
50%) of cases with onset before the age of 40 are be-
lieved to have recessive inheritance of parkin, DJ-1, or
PINK1; however, it is not clear that screening of such
cases for mutations would be of clinical utility at this
stage. The presence or absence of any of these would
not alter the clinical management of the case, nor
would it have quantifiable implications for the children
of the patient, because the likelihood would be that
they would be heterozygotes, and thus at comparatively
low risk. The only relatives whose risk status would be
considerably altered would be sibs who, in the case of a
recessive disease, would be at 1/4 a priori risk. Al-
though conceivably a couple would want testing for
family planning, it is unlikely that the unaffected par-
ent would be a heterozygous mutation carrier except in
the case of consanguineous marriages. Screening for
mutations in recessive diseases is a nontrivial problem

because some mutations are difficult to find for tech-
nical reasons. Thus, all three outcomes of a genetic test
(two mutations in trans, one mutation, or no finding)
are not simply interpretable. However, should treat-
ment regimens that are beneficial to one genotypic
group be discovered, this advice will change; hopefully,
the technology for finding and interpreting mutations
will have improved by that time as well.

Some pedigrees with autosomal dominant inheri-
tance in which mutations in either �-synuclein or
LRRK2 have been found have been offered the Hun-
tington’s disease protocol, and certainly, many of these
kindreds have a fulminant course of disease, similar to
the severity and rate of decline of Huntington’s disease
itself. However, LRRK2 mutations have genetic fea-
tures for which an approach by clinicians and genetic
counselors remains to be developed. These include that
they are common, but not completely penetrant, and
appear to be associated with a rather benign disease
cause with a slower course than average PD cases and
with less prevalent dementia. This combination of fac-
tors is difficult to legislate, because screening for the
most common mutations is relatively simple and could
be applied to all PD cases. Finding a mutation in such
a case may be associated with a benign outcome for the
case, but will, of course, imply that the patients’ chil-
dren are at close to 50% risk for disease, but with un-
known onset age and unpredictable natural history.
The large number of cases who would be reasonably
eligible for screening probably means that it is imprac-
tical to apply the Huntington’s disease protocol before
genetic testing, but equally clear is that the children of
mutation-positive cases will need counseling.84

Implications for Future Therapeutics
Perhaps the important potential outcome for any re-
search into the causes of neurodegeneration is to think
about therapeutics. One of the reasons to be precise in
descriptions of Lewy body PD compared with recessive
parkinsonism is that it is important to think about
what therapeutic approaches might be most appropri-
ate in each situation and which, if any, would be most
relevant to sporadic PD.

Clearly, and by definition, �-synuclein is the most
promising target for sporadic PD due to its deposition
into Lewy bodies. The deposited form of �-synuclein is
heavily aggregated, and it is thought that the aggrega-
tion process is critical for toxicity. However, contro-
versy exists about precisely what aggregated form of
�-synuclein is toxic. The form deposited in Lewy bod-
ies is fibrillar and highly insoluble, but it can be argued
that the deposition process might be a protective re-
sponse, removing �-synuclein from the cell. In this
view, smaller and more soluble forms of �-synuclein,
principally oligomers, might mediate the actual toxic-
ity. Both oligomer and fibril formation would be pro-

Hardy et al: Genetics of PD and Parkinsonism 395



moted by increased concentration of protein, and point
mutations are also suggested to increase such aggre-
gated species.

Whether we can target synuclein without inducing a
number of damaging side effects depends on one of
two critical assumptions being true. Either we can se-
lectively target the “pathological” forms of synuclein,
with the concern explicitly stated earlier that we are
not sure which form of synuclein is pathological. For
example, one might be able to develop small molecules
or peptides that interfere with the process of aggrega-
tion at various steps that might help understand which
form of �-synuclein is detrimental. Or we can decrease
net load of synuclein (eg, by immunization85) without
interfering with normal function, but this normal func-
tion is poorly defined at this stage. This makes it dif-
ficult to determine what aspect of synuclein to target
for therapeutics, and also difficult to determine
whether there would be deleterious effects on normal
function. Therefore, although synuclein is an attractive
target for PD pathogenesis because of the defined links
to sporadic PD, there are some uncertainties and it re-
mains unclear how tractable a target synuclein is.

If we are to take this information further and de-
velop treatment strategies for synucleinopathies, we
need to validate this as a target with appropriate in
vivo models of pathogenesis. Modeling of �-synuclein
deposition through transgenesis has not yet been par-
ticularly successful. So far, only limited pathology, with
inclusions but not mature Lewy bodies and generally
with limited nigral cell loss, has been seen in mice or
other experimental organisms (reviewed in Fernagut
and Chesselet86). More robust nigral cell loss is re-
ported in rats or primates where high levels of
�-synuclein have been transiently expressed using viral
vectors. Therefore, there are reasons to think that
�-synuclein might be a good target for sporadic PD
and the rare inherited cases with synuclein mutations,
that it may be a somewhat tractable target, and that
there are animal models that are beginning to be useful
for evaluating treatments.

However, cases with frank mutations in �-synuclein
are rare, and one might also argue that, in addition to
the uncertainty about why �-synuclein is toxic, this
makes it a less attractive target. In contrast, and as dis-
cussed earlier, LRRK2 mutations are much more fre-
quent, occurring even in apparently sporadic PD. Be-
cause the dardarin protein is a kinase, and because a
great deal of work has previously examined kinases as
therapeutic targets in many different diseases, this gene
product is arguably a more tractable target. Supporting
the contention that kinase inhibitors might make at-
tractive therapeutic targets for this disease, we have re-
cently shown that kinase-dead versions of dardarin are
less toxic than their active equivalents, even when
pathogenic mutations are present in the molecule out-

side of the kinase domain. Although, again, our current
understanding of why mutant dardarin is toxic is lim-
ited, one might hope that such results could be repli-
cated with small, druglike molecules. However, many
of the same limitations discussed for �-synuclein also
apply for dardarin. We do not know what the normal
targets for dardarin kinase activity are; hence, it is im-
possible to be certain that we can target activity with-
out detrimental effects. There are also no available an-
imal models to extend the current in vitro results.
However, the normal function(s) of LRRK2 and the
development of animal models are active areas of re-
search in many laboratories and so we hope that these
objections will lessen in the next few years.

Finally, are the recessive genes helpful in thinking
about therapies for PD? It appears that this set of genes
is closer than the dominant ones for identifying a true
pathway for the disease. Once a single pathway, is
identified it would be possible, in principle, to identify
ways to manipulate the central activity and protect
neurons. However, the rarity of these mutations and
their distinct phenotypes raises the concern that a cen-
tral theme for DJ-1, PINK1, and parkin might not in-
dicate any relation to sporadic PD. It would be inter-
esting and worthwhile to know how to help patients
with these mutations, but they would be only a small
number of people, and there may be reluctance to tar-
get such a small market. Where there is potential rele-
vance to the greater number of sporadic cases is in the
possibility that these genes tell us something more gen-
eral about the ability of nigral neurons to survive
“stress.” The critical questions here are to identify the
details of the underlying mechanism(s) involved, and
then to ask whether the same processes might occur in
sporadic PD.

Conclusions
It is clear that PD research is at an exciting but frus-
trating juncture. Exciting because there is now a wealth
of information that allows us to generate hypotheses
that can be tested initially in the laboratory setting but
perhaps later in patients. Frustrating because the rela-
tions between each point of information remain ob-
scure, and there are fairly severe gaps in our knowl-
edge. The clear challenge now is to fill those gaps and
move PD toward therapeutic end points.
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